A specular surface reflects light only in the direction such that the angle of incidence equals the angle of reflection. Due to this characteristic, conventional approaches to obtain the shape of specular objects have not guaranteed accurate results. Taking into account this characteristic, an optical sensing system is proposed to obtain the threedimensional surface shape of specular objects. Its principle is that a highly focused laser beam strikes the object surface and the specular components of the reflected light are then detected by a beam receiving unit. To achieve this, the system is to be composed of a galvanometer that steers the laser beam's direction to the desired surface point, a parabolic mirror that reflects the specular component of surface reflection toward its center line and a beam receiving unit positioned along the mirror center line. To evaluate the performance of the proposed optical sensing system, a series of experiments was performed for various measurement conditions. The sensing principle and measurement accuracy are discussed in detail for various objects of simple geometrical shapes.
Introduction
Object recognition using optics plays an important role in promotion improving the performance of an automated system. For example, an automated inspection system should obtain the shape and reflectance of manufactured parts and classify them as usable or defective. Such systems are based on the reflectance properties of light. Most approaches to obtaining the shape of objects have assumed that the surfaces are Lambertian, that is, incident light is scattered by the surface so that the perceived brightness is independent of the direction of view. In this case, the reflected light can be easily detected from all directions. Many practical tasks in robot vision and inspection, however, require interpretation of images of specular surfaces where the perceived brightness becomes a very strong function of viewing direction due to highlights or reflections from the source. Hence, only sensors facing the direction from which the light being reflected are able to detect the reflected light.
In recent years, the need for inspection of specular objects such as machined metal parts, soldered joint fillets, and plastic products has made it necessary to develop automated systems to replace tedious human labor. Most of the researches, however, have been geared toward identifying the shapes of Lambertian objects; studies geared toward specular objects are rare. Conventional approaches to object recognition, such as shape from shading, [1] [2] [3] [4] [5] photometric stereo, 6 and the triangulation method, [7] [8] [9] obtain the shape of an object that is assumed to be Lambertian. Therefore, these approaches provide little, and often erroneous, information about the shape of a specular surface.
There are several approaches to overcoming these limitations. Coleman and Jain 10 proposed a system using four lights to detect specularities. Healey and Binford 11 used a simplified version of the Torrance-Sparrow reflectance model to recover object curvature around the specular peak of specular lobe objects. But they relied on prior knowledge of surface reflectance, and the entire surface was assumed to have the same reflectance properties. Solomon and Ikeuchi 12 used four light sources to obtain the shape of a specular object and its surface roughness. Nayer, Weiss, Simon, and Sanderson 13, 14 developed a system that used 127 point sources to determine the shape of a specular object. They, however, had a difficulty in recovering the detailed shape of the object, since their sampling of the surface point is not in uniform spatial steps but in uniform orientation steps. Later, Nayer 15 proposed a photometric sampling method using an array of extended sources to ensure detection of both diffuse and specular reflection. The image intensities recorded from each surface point were used to compute local estimates of surface orientation and reflectance parameters. The advantage of this technique is that the system can obtain the shape of a nonuniformreflectance surface; the disadvantage is that the system requires many point sources to obtain shape of a shiny object, thus requiring long calculation times.
Even in a poorly lighted environment and for a nonuniform surface of the part, high-speed inspection and reliable results are required in industry. As an alternative approach, Capson and Eng 16 and Kim and Cho 17 used the tiered illumination method to generate color-highlighted contours on a soldered-joint surface. The shape of the contour was used to inspect the joint. This method, however, can only acquire some features of a three-dimensional shape and cannot recover the entire shape of the object. To inspect soldered joints, Chris Rice 18 proposed a laser system that scans the area of the joint and observes the trend of the reflected beam's direction. To detect the trend, soldered joints were enclosed in a sensor box whose inner surface was covered with optical sensors. This system also produces only the external profile of the joint, but the system is free from the above-mentioned limitations of the image-processing technique because it detects the specular component of the reflected beam.
As stated earlier, image-processing techniques suffer from at least one of the following four limitations. First, they rely on prior knowledge of surface reflectance, which is either assumed or obtained by calibration. Second, all points on the surface must have the same reflectance properties. Third, they require many point sources to obtain the shape of a specular object. Fourth, they have a difficulty in recovering the shape of a specular object.
In order to overcome these problems, we propose a new optical sensing system which is capable of obtaining the surface orientation with a small number of optical sensors. To achieve this, we employ a parabolic mirror, which reflects the specular component from the surface to the sensing unit. A parameter analysis of the parabolic mirror and the sensing unit was performed to obtain the maximum sensing range. Also, to evaluate the accuracy of the proposed system, a series of experiments was carried out for simple geometrical-shaped objects such as a cone and a screwdriver.
The Optical Sensing System

The Measuring Principle
When light is incident on an interface between two different media, it is reflected according to well-known laws. There are two approaches to the study of reflection: physical optics and geometrical optics. Reflection models based on physical optics are general in that they are capable of describing reflection from surfaces that vary from perfectly smooth to rough. Geometrical models, on the other hand, have simpler functional forms and are easier to use. However, geometrical models are applicable only when the wavelength of the incident light is small compared to the dimensions of the surface imperfections. Hence, it is in general incorrect to use these models to interpret reflections from smooth surfaces. Nayer 15 proposed a reflectance framework that has three primary components: the diffuse lobe, the specular lobe, and the specular spike. His framework describes the reflection of monochromatic light from surfaces that vary from smooth to rough. Polar plots of these three components are illustrated in Fig. 1 . The components are plotted as a function of the angle of reflection ͑sensor direction͒ for a fixed angle of incidence ͑source direction͒. The radiance of the surface in the sensor direction is the sum of the three components in the sensor direction. The diffuse lobe represents internal scattering mechanism. It is distributed around the surface normal direction. The specular lobe represents single reflection of incident light. It tends to be distributed around the specular direction and has off-specular peaks for sufficiently large values of surface roughness. The specular spike represents mirrorlike reflection, which is dominant in the case of smooth surface. It is concentrated in a small region around the specular direction. The magnitudes of the specular lobe and specular spike components are determined by the roughness of the surface. For a very smooth surface, the specular spike component is many orders of magnitude greater than the specular lobe component. As the surface roughness increases, the spike component shrinks rapidly, and the lobe begins to dominants. In addition, the magnitude of the lobe peak increases with the incidence angle i . As the surface roughness increases, the lobe gets wider and the lobe peak decreases in magnitude.
For large values of the surface roughness, the lobe begins to peak at viewing angles greater than the specular angle: these are called off-specular peaks. As r approaches 90 deg, the radiance values approach infinity. For a smooth surface, if a system is able to find the peak direction of reflected light, the orientation of the surface can be estimated by using the law of reflection. To achieve this sensing principle, a parabolic mirror is used to collect the reflected light along the optical axis.
One optical property of a parabolic mirror is that rays of light incident on it that are parallel to the direction of the optical axis converge to a focal point when reflected. When a point source is positioned on the optical axis, the directions of the reflected rays uniquely correspond to the intersection point between the reflected ray on the parabolic mirror and the optical axis, as shown in Fig. 2 . The shape of a specular object can be obtained by using an optical sensing system based on this characteristic of a parabolic mirror. This is shown in Fig. 3 . Such a system is composed of a galvanometric scanning unit ͑GSU͒ that steers the laser beam's incident position, a parabolic mirror that reflects rays to its center line, and a sensing unit that consists of photodiode arrays. The sensing unit is positioned on the center line of the mirror and detects the intensity of reflected light. If the incident laser beam is moved on the curved surface by a GSU, the reflected rays corresponding to different surface normal vectors are incident at different positions on the sensing unit. In other words, the direction of the reflected ray can be detected by the sensing unit, and accordingly the vector normal to the surface of the object can be estimated. Applying this optical property to the system has the following advantages: First, a small number of optical sensors placed on the two-dimensional cylindrical surface of the sensing unit are able to detect the direction of the reflected ray. Second, the system is free from the limitations of image-processing techniques, because it only detects the specular component of reflected light. Finally, the proposed system is capable of recovering the threedimensional shape at a high speed, while the conventional image-processing method 13, 14 has difficulty in recovering the three-dimensional shape at all. This is because in the latter case the intervals between measurement points are dependent on the curvature variation, while in the former case they are determined by a GSU. However, in the case of large surface roughness, the system does not guarantee accurate results, due to the effect of off-specular reflection. That is a limitation of this system. When the beam from the GSU is reflected straight back to the inside sensor unit or outside the parabolic mirror, the proposed system cannot detect the reflected ray. To distinguish the beam leaving the source from the beam reflected back to the source, a beamsplitter and an optical sensor are placed on top of the parabolic mirror.
To describe the ray trace in Cartesian coordinates, point, ray direction, and surface normal vectors will be used. Each element of a point vector denoted by p a is given a subscript. For example, p a ϭ͓x a ,y a ,z a ͔ T . In a similar manner, unit ray direction vectors are denoted by û b , and unit nor- Ryu and Cho: New optical sensing system . . .
Therefore, the ray in Cartesian coordinates can be described as a function of a point on the ray, the ray direction vector, and the parameter d.
Ray-Trace Analysis of the Optical Sensing System
The angle of incidence at the surface of an object is determined by the GSU, and the angle of reflection can be estimated by its striking position on the sensing unit. In this section, we deal with the ray-trace analysis of the GSU and the optical sensing system consisting of a parabolic mirror and a sensing unit. The GSU [19] [20] [21] [22] [23] is composed of two orthogonal mirrors mounted on separate galvanometer motors such that the first mirror deflects a laser beam about one axis and onto the second mirror, which then deflects the laser beam about the other axis, through a focusing lens, and finally onto the object. Figure 3 shows that the laser beam, which enters the GSU in the direction of the y axis, is incident on a point p 0 ϭ͓x 0 ,y 0 ,z 0 ͔ T of the surface of the object in the direction û i . Then, the surface with a surface normal vector n 0 reflects the incident rays of laser into the direction û 0 ϭ͓sin 0 cos 0 , sin 0 sin 0 , cos 0 ͔ T . The reflected ray is incident on the sensing unit p s ϭ͓x s ,y s ,z s ͔ T in the û p direction through a point p p ϭ͓x p ,y p ,z p ͔ T of the parabolic mirror. The angle between û p and the surface normal vector n s of the sensing unit is denoted as ␤. The symbol d mm represents the distance between the centers of the two mirrors of the GSU, and d m0 represents the distance to the origin O from the center of the mirror of the GSU on the z axis. The symbols D p and f p represent the outer diameter and the focal length of the parabolic mirror, respectively. The sensing unit has radius R S . Pelsue 22, 24 derived the equation of a vector that represents the direction of incidence at the point p 0 . According to this equation, the ray direction vector û i at p 0 can be described by
where
The reflected ray at p 0 can be expressed in terms of a parameter d:
The inner surface of the parabolic mirror can be expressed as 
The normal vector n p of the parabolic mirror at the point p p can be obtained from the gradient of Eq. ͑5͒:
where î, ¤, k are the unit vectors along the x,y,z axes, respectively. If the mirror whose surface normal vector is n ϭ͓l,m,n͔ T reflects the incident rays of light in the direction û input into a new direction û output , the reflected ray direction û output can be expressed in a matrix form
where M is called the reflection matrix 25 and can be expressed in terms of the vector n :
͑10͒
Therefore, by using Eq. ͑9͒, the reflected-ray direction can be obtained from the incident direction and mirror's normal vector. Substituting the elements of n p from Eq. ͑8͒ into Eq. ͑10͒, reflection matrix M p at p p can be obtained. We refer to p p (d) as the ray equation for the ray from p p to the sensing unit. The reflected direction vector û p on the parabolic mirror can be obtained as
The outer surface equation of a cylindrical sensing unit is
We An incident point p s on the sensing unit is a function of p 0 ,û 0 , D p , f p , and R s . The objective of the ray-tracing analysis is to obtain the reflected ray direction, û 0 ( 0 , 0 ), on the surface. Hence, we have to derive an equation for 0 and 0 . Since Eq. ͑15͒ is in a nonlinear form, it is impossible to derive the equation for 0 and 0 in closed form. Thus, we adopt Newton-Raphson method to find û 0 ( 0 , 0 ) numerically.
If the incidence and the reflection direction vectors at p 0 are obtained, the normal vector n 0 can be estimated from the following equation:
So far, we have dealt with the ray-tracing analysis to estimate the surface normal vector from the incidence and reflection vectors. In the next section, the design method for the proposed optical sensing system will be introduced.
System Design
The objective of the design of the proposed system is to obtain the maximum sensing range, defined as the azimuthangle range of the detected reflection rays. Figure 4 shows the cross-sectional view of a parabolic mirror and the sensing unit. As shown in the figure, the sensing range of the proposed system is determined by three parameters: the shape of a parabolic mirror, the width of the sensing unit, and the distance to an object from the system. To design the system with a maximum sensing range, the analysis of the relation between the three system parameters and the sensing range should be performed. In this section, we will deal with parameter analysis of the sensing system and show the design results when the shape of the parabolic mirror is given.
Design of the Parabolic Mirror
The From the figure we see that max and u 0 Ј can be expressed
and the reflection matrix M ep at p ep ϭ͓D p /2, 0,
By using Eq. ͑11͒, the reflected ray vector u ep Ј can be obtained as Fig. 4 Cross-sectional view of the parabolic mirror and the sensing unit.
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Therefore, the reflected ray in the direction u ep Ј can be described as p ep ͑d͒ϭp ep ϩdu ep Ј .
͑21͒
To obtain the point of incidence p es on the sensing unit, we substitute Eq. ͑21͒ into the surface function of the sensing unit (xϭw/2). Then p es is expressed by
Therefore, the distance L s0 between p 0 and p ep along the z axis can be obtained by
shows that L s0 is a function of f p , D p , w, and L p0 . By using Eq. ͑23͒, min and range are written as
shows that range is also a function of f p , D p , w, and L p0 . In order to obtain the maximum value of range for the given f p , D p , and w, the quantity L p0 must satisfy the following equation:
Substituting L p0 obtained from Eq. ͑26͒ into Eq. ͑25͒, the maximum value of range can be calculated if f p , D p , and w are given; the sensing range is maximum only when the value of L p0 satisfies Eq. ͑26͒. For examples, when wϭ10.2 mm, the maximum sensing range and L p0 with varying f p and D p are shown in Fig. 5 . As D p is increased and f p is decreased, the maximum sensing range increases rapidly in magnitude. Therefore, to obtain the maximum sensing range, the design of a parabolic mirror requires large D p and small f p . In this study, we have used commercial parabolic mirrors. For several ready-made mirrors, the maximum sensing range and L p0 calculated by using Eq. ͑25͒ and Eq. ͑26͒ are shown in Table 1 . From the table we see that the case of f p ϭ10.2 mm and D p ϭ123 mm yields the maximum value ͑about 48 deg͒ of sensing range range . If a specially designed parabolic mirror is employed, the sensing range can be extended as shown in Fig. 5 . Fig. 5 Results of the parameter analysis to obtain the maximum sensing range: (a) maximum sensing range, (b) distance between the system and an object for obtaining the maximum sensing range. 
Sensing-Unit Design
In the previous section, the ray-trace analysis of the system was performed for the cylindrical sensing unit. However, the realization of a cylindrical sensing unit with a smooth surface was impossible, because an infinite number of optical sensors would have to be used to accommodate such a surface in a continuous fashion. To overcome this problem, we propose a sensing unit with a multiplane surface. In this study, a hexagonal sensing unit that has six planes and seventeen pin photodiodes placed on each plane was considered, as shown in Fig. 6 . The length and width of the sensing unit are determined by z es of Eq. ͑22͒ and W. A modified ray-trace equation for this multiplane sensing unit is analyzed in the Appendix. As mentioned in the previous section, the orientation of the reflected ray was estimated by the position of the photodiode of the sensing unit where the intensity was maximum. Consequently, in the hexagonal sensing unit, the resulting accuracy of the measurement is degraded because only a few optical sensors are placed on each plane of the sensing unit and the data obtained from the sensing unit are received in a discrete fashion. For this discrete-type sensing unit, Ryu and Cho 26, 27 introduced an algorithm that estimates with fair accuracy the position of the maximum intensity p s of the sensing unit by converting the discrete intensity distribution on the sensing unit to a continuous one. In Ref. 26 , by using a reflection model, 15 they conducted a simulation where the intensity distribution of reflected light on the hexagonal sensing unit was estimated, and showed that the intensity distribution can be approximated as a bivariate normal distribution whose shape is defined by four parameters: two peak positions and two standard deviations. The approximated distribution of reflected light is illustrated in Fig. 7 . The symbols z s and s represent the position of the maximum intensity (p s ), and z and represent the standard deviations of the distributions on the z and axes, respectively. During the experiment, z s , z , and are obtained from the discrete intensity distribution on the sensing unit, and s is estimated from the relationship between the ratio z / and z s . More detailed procedures for this algorithm are described in Refs. 26 and 27.
Experiments
The proposed optical sensing system was implemented to demonstrate the practical feasibility of the ray-trace analysis. A photograph of the implemented system is shown in Fig. 8. 
Galvanometer Calibration
A typical use of a galvanometer-based laser pointing system is to position a laser spot precisely on the surface of an object. Given the rigorous accuracy demands of such system, a calibration is required to correct system position distortions. Such distortions are caused by the galvanometer and lens mounting configuration errors. Weisz 21, 23 proposes a calibration method for the galvanometer positioning system. By using this method, we performed the calibration. To detect the position of an incident laser spot, we used a position-sensitive device ͑PSD͒, which provides an analog voltage signal corresponding to the spot position on the sensing area. The PSD was placed at Ϫ129.3 mm along the z axis from the origin O. Figure 9͑a͒ shows that the laser-beam position on the PSD sensing area compares well with the desired uniform-mesh position over a scanning range 5.2ϫ5.2 mm 2 . Figure 9͑b͒ shows the position error between the desired position and the position detected by the PSD. From the figure we see that laser positioning within about Ϯ20 m can be obtained.
Measurement Procedure
In order to measure the surface normal vector, the incident point on the surface first moves by a distance ⌬x in the positive x direction, then by a distance ⌬y in the positive y direction, and then continuously in a raster scan as shown in Fig. 10. In the figure, û i indicates the vector of the ray direction from the galvanometer to the object, n 0 represents a surface normal vector, and p 0 represents the position vector of incident ray on the surface. For example, if the incident position vector is represented by p 0 i, j , the first superscript i represents the i'th position distance i ⌬x in the x direction from the initial x point. Similarly, the second superscript j represents the j'th position distance of j ⌬y moved in the y direction from the initial y point.
The procedure to obtain the normal vector n 0 and determine the next incidence position p 0 is as follows: First, the laser is targeted at the initial point p 0 0,0 in the direction û i 0,0 to obtain a vector n 0 0,0 normal to the surface by using Eq. ͑6͒. Secondly, the incidence position is moved by the distance of ⌬x from the initial point p 0 0,0 in the x direction on a hypothetical surface that includes the point p 0 0,0 and is normal to the vector n 0 0,0 . Define the point p 0 1,0 to be a point where the hypothetical plane and the ray û i 1,0 intersect. In the similar manner, the next incidence position and the surface normal vector are obtained by using the previously obtained surface normal vector and incidence position.
Taking the above-mentioned considerations into account, the experiment was performed by the following procedure:
Step 1: Select an initial measurement point p 0 0,0 on the surface of an object.
Step 2: Move the incident laser to the measurement point p 0 by steering the GSU, and calculate the direction vector of the incident ray, û i , by Eq. ͑3͒.
Step 3: Measure the intensity of the reflected light on the sensing unit.
Step 4: Calculate the maximum-intensity position p s (z s , s ) on the sensing unit.
Step 5: Substitute û i ,û 0 into Eq. ͑16͒ and calculate a surface normal vector n 0 .
Step 6: Estimate the next measurement point p 0 from the obtained surface normal vector.
Step 7: Go to step 2. The experiment concerned observing an object that is placed Ϫ129.3 mm along the z axis from the origin O. In the case where the incident ray returns to the center of the sensing unit, an optical sensor positioned on top of the parabolic mirror detects the reflected component through the beamsplitter. The normal vector of such reflection can be defined as ͓0,0,1͔ T .
Results and Discussion
To evaluate the performance and accuracy of the proposed system, a series of experiments was performed on a specular cylindrical object. Figure 11 shows the experimental results of a cylindrical object whose diameter is 1.33 mm and surface roughness R a is 0.52 m. The scanning range was 0.66ϫ0.66 mm 2 , and three scanning intervals (⌬x,⌬y) were used: 100, 70, and 50 m. Figure 11͑a͒ shows the scanning range on the object, and Fig. 11͑b͒ to ͑d͒ show the recovered shapes and the height deviation between the actual and the recovered shape. The results in Fig. 11 indicate that the proposed system is able to reliably recover the shape of a specular object. Furthermore, as the scanning interval decreases, the deviation decreases in magnitude. This deviation is caused by two factors: the accumulated error and the off-specular effect.
Firstly, as mentioned previously, the measurement position moves from the negative x axis to the positive and then moves from the negative y axis to the positive. The proposed system uses previously obtained data to estimate the next incident position of the surface and the surface normal vector. For this reason, the error occurring in the previously obtained data propagates to the next measurement. Therefore, the trend of the height deviations increases as measurement proceeds. The occurrence of this deviation is a disadvantage of this system. If the sensing unit has more planes than the six, deviation will be decreased.
Secondly, for large values of the surface roughness, the peak direction of reflected light is greater than the specular direction. Due to this effect, as the roughness increases, the accuracy of the system decreases. Hence, to obtain more accurate results, an algorithm that compensates the offspecular effect is required.
At the center of the object, where the reflected ray returns to the center of the sensing unit, we assume that the surface normal vector is ͓0,0,1͔
T . Since, the trend of the error is highly dependent on the scanning interval, the accuracy of the system cannot be defined as a fixed quantity.
The experimental result on a cone is shown in Fig. 12 . Figure 12͑a͒ shows the dimensions of the cone, and Fig.  12͑b͒ shows the recovered shape. For this object, it is very difficult to obtain the error by comparing the experimental result with the actual shape. Therefore, we show only the recovered shape of the object. In the figure, flat areas exist in the corner of scanning range where the incident ray reflects outside the parabolic mirror. In this case, the proposed system cannot detect the reflected ray. Therefore, in this case we define the measurement point as a point on a base plate which is placed at Ϫ129.3 mm along the z axis.
A similar experimental result on a nickel-coated L-shaped screwdriver, whose surface roughness is 1.02 m, is shown in Fig. 13 , where the scanning range is 4.0 ϫ4.0 mm 2 and the scanning interval (⌬x,⌬y) is 100 m.
To show the validity of the proposed system for a complex-shaped object, an experiment was performed on a stainless steel object whose shape is very complex and of which a part is coated by a gold-colored material. The surface roughness of the object is 0.21 m. The experimental result is shown in Fig. 14 . From the figure we see that the proposed system shows good performance for a complexshaped object.
To show the validity of the proposed system for a nonuniform-reflectance object, Fig. 15 shows an experimental result for an object whose surface roughness is nonuniform. The surface roughness of region ᭺ 1 is 0.115 m, and region ᭺ 2 is 1.5 m. The scanning range was 1.8ϫ1.8 mm 2 and the scanning interval (⌬x,⌬y) was 100 m. In this case, a conventional approach such as shape from shading [1] [2] [3] [4] [5] cannot recover the shape. Even though the variation of surface roughness is small, the experimental result shows that the proposed system is able to recover the shape and does not require prior calibration of the reflectance. For large values of the surface roughness, on account of the off-specular effect, the proposed system does not guarantee accurate results. To overcome this limitation, more research on compensating the effect of surface roughness is required.
The measurement was conducted using a personal computer with an Intel 80486 CPU. As shown in Table 2 , for each test point, it took 133.4 ms to digitize the intensity on the sensing unit, 25.7 ms to estimate the position of the maximum intensity, 3.7 ms to obtain the surface normal vector, and 0.5 ms to obtain a new position of the incident laser on the surface. These times indicate that if we want to improve the overall speed of the system, we need to improve the speed of intensity digitization of the sensing unit. That speed is highly dependent on the number of photodiodes on the sensing unit and the performance of the analog-to-digital converter, and it can be increased by using specially designed hardware.
Conclusions
In this paper, we have introduced a new optical sensing system that can obtain the three-dimensional shape of specular objects. A parameter analysis of the parabolic mirror and sensing unit has been performed to design the system. Experiments conducted on specular objects with the proposed system demonstrate that this system is able to obtain the recovered three-dimensional shape of specular objects. The following conclusions can be drawn from observations of the experimental results:
First, the proposed system is able to reliably recover the shape of a specular object. Secondly, if the surface roughness R a is smaller than about 2 m, the proposed system is capable of obtaining the shape of a specular object with a nonuniform-reflectance surface. Thirdly, deviations in the previously obtained surface normal vector influence the next measurement. Thus, further research will be carried out to enhance the measurement accuracy and extend the sensing range of the system. Fourthly, due to the offspecular effect, as the surface roughness increases, the accuracy of the system decreases. Hence, to obtain more robust results for large values of the surface roughness, an algorithm that compensates the off-specular effect is required. Finally, for industrial application, the sensing and processing speeds are of great importance. Since the digitization of the intensity on the sensing unit is highly dependent on the sampling time of the analog-to-digital converter, high-speed conversion technology can be used to speed up the estimation of the surface shape. The angle ␤ between û p and the surface normal vector n s ϭ͓0,0,1͔
T of the sensing unit can be derived from the dot product between û p and n s :
In case the reflected ray is incident on another plane of the sensing unit, the ray-trace analysis of the reflected ray can be obtained in a similar manner. 
